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REDESIGN AND TEaT OF AN SliME TURBOPUMP FOR THE LARGE THROAT MAIN
COMBUSTION CHAMBER

K. J. kunck),G. A. Lee, A, H. Eastlandand k. Reins
Rockwel Intgmatior,;l Corpor_on

RockeMyne Dlvlsion
CanogaPark,Cal_nk

The prebumer oxidizerturbopumpfor the Speoe
Shuttle Main Engine (SSME) was auooessfully
redesigned for use wltll the large Thro_l Main
CombustionChamber (LTMCC) andtested Inair
utJlizir_ rapid protofyplng, The redHign
Increases the $SME's operating range with the
ourmnl Main CombustionChamber (MCC) while
achieving full opemtionidrange withthe LTMCC,
The use of rapid prototypingland air testing to
validate the mdestgndemonstratedthe abilityto
design, fabricate,and test designs rapidly and at
a very lowoost.
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The SSME utilizes• staged combustion cyrJe in
order to maximize the engine's speclf_ impulse
(Figure I). A preburner provides high
temperature, high pressure fluid to drive the

High Pressure Fuel and High Pressure OxUzer
Turbopumps(HPFTP and HPOTP respsctlvely).
The oxidizerfor the prabumere II provided by a
prebumer pump (PAP) which Increases the
HPOTP discharge pressure to the prebumer
Inlet preslure, On the SSME, the prebumer
pump ii atlachm:l to the shaft of the HPOTP
(Figure2), Therefore, the PBP flow rate is linked
to the HPFTP Im¢lHPOTP power requirements
and itsspeed Is determined by the HPOTP.

The throat area of the current Phase II MCC Is
being enlarged to reduce the SSME's chamber
pressure while maintaining ItSthrust capability.
Increasing the throat area resufls in lower
turbomachlnsry discharge pressures while
maintaining the current flow rate requirements,
Themf_e, the HPFTP end HPOTP operate at
lower speeds and require less power with the
LTMCG thanwiththe Phase II MCC. This msub
In lower PBP flow rates and lower speedsfor the
same engine thrust level.

During the shuttle ascent, each SSME Is
throttled from 85% to 104% of the designed
thrust level. While hot fire testing of a 8SME
engine with a LTMCC, a bi-stable operation
occurred at a power level of 67%. Bl-stebility
resultsin rapidchanges In the c_amber pressure
(Figure 3); has been observed w_h the current
MCO el power levels of 65%; and has been
attributed to a prebumer pump stall condition.
BI-stablllty ocourl when the MOO pressure
rapidlyoscillates. The sourceof thisoscillationis
stallingof the PaP.

When the prebumer pump stalls, Its discharge
pressure suddenly decreases, This decreases
the power to the high pressure turbopumps
which rJecreases the combustion chamber
pressure. Attempting Io maintain the thrust
requirements, the SSME oontroller (which
oontrolsthe engine valve positions) Increases
the preburner flow rate to Increase the high
pressure turbopump's Input power and
discharge pressure (Figure 4). The int:mase In
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PEP flow rate causes the PBP to umtsll which
rapidly Ir_reues the PBP discharge pressure;
the high prenum tudx)pump power;, and the
Gh=mber I:,reesurs. The oharnb•r preMur•
Increases beyond the delslred value and the
oontrollerresponds by decreasing the PBP flow
rate. This causes the PBP to resume a staged
¢ordltinn. Thll o/Ca la knownu bi.mbUly.

Air testing of several preburner turbopumps in
the early lg80's demon_Mled lhnt the gauss of
the turbopump eta, ill the preburner pump
diffuser. TherMore, a task to ellrninite the stall
o_r the range of the LTMC._ by redesigningthe
prabumer pump diffuserwas in_ated.

Radeq, lnn Oblmetlve,e

The design obJaotlvae wee to operate the
prebumer pump at the 63% power level for the
LTMCC while maintainiitgthe current_d_opump
operating characteristics It the 109% power
)evelfor the Phase II MOO. The 63% powerlevel
objective Is bi8¢.'_ on the requirement that the
5SME engine operate on a teat stand with 2%
power Jevelmargin from the minimummission
power level of 65%. In addition, the $SME
ellgine must be able to operate at 109% power
level In the case of •n engine shut.clown dudng
ascent.

Analvtic,,t AoDro0ch

AlthoughIhe vaned dlfluasr had been Identified
as the louse of stall, the stall meel_nism had
_t been determined. Two poe•role _umes of
Itall were considered: 1) lekling edge stalland
a) stall clueto boundary layer separation. Both
sts/I mechanisms were analyzed _ used to
determine now diffuserdesigns,

The leading edge stall modal used was
developed for vaned diffuser and anP._ol1_lto
experimental data for oonlcal diffusers. ' The
Ir_dence sngk_ st w_oh st•, _m b l (.n=k_
of the leading edge blade angle (Figure 5).
C•ioulIting the diffuser inokJanceangle requi_es
knowing the impeller discharge •b_lute flow
angle, and determining the effe_s of Ix)undary
layer blockage and blade block•g• on the
diffuser Inlet flow •re•. Calculation of these
parameters Is perform•d with Rocketdyne's
proprietary oantrlfugalpump perform•roe gods.
This programwas used to demon the dllfusers
leading edge blade angle, Inlet bled• height,
and loading edge blade thickness. Also, the

effect of the trailing edge thickness and
discharge blade height on perform•nee Is
determined withthis code.

The secondshill moc_enlsmwas an•lyzed USing
a potential flow method to predict the velocity
profileadjacent to the airfoiland • bound•ry layer
code.to determine if boundary layer separation
hal occurred, :1;= Since the PaP diffuser
Includes•n Incase in axial lengthfrom the inlet
to the dieM:heros, • etraamtube thickness
diltrJbutlon was used Io perform a quasi 3-O
analysis. The boundary layer wire defined u
separated when the shape teeter was greater
than 2.4 8t a dlstan_ lessthan 90% of the blade
cur/ace length. The shape factor is defined Is
follows:

A vane geometry profile Code generated the
vane _eslgn8 and was rapkllyanalyzed with the
potential flow code to determine the pressure
distribution and the boundary layer code to
dotom_ineIf the flow sap•rated. _n_ the PBP
performer, s and operatingpoint where leading
edge stall occurs Is =, function of the blade
leading edge thioimes8, an Iteration between
the resulting vane geometry and the
performancecode was required.

Rednlon Reaulramenta

The SSME engine system model calculates the
operating par•meters for the entire engine
system for aaC_lpower level. This model w_
used to evaluate the impact on the prebumer
pump of using the LTMCC, From the engine
system model, it was determined that the
prebumer pump must operateat a lower Impeller
discharge flow parameter. The impeller
dischargeflow plu'ametsrIsdefined M:

where ,_- _,b=
Ut " NZ),

Therefore:
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The operatingrequirementslit the 63% and
109% for boththe cummt Phase II MCC snd thi

LTMCC are listedinTable 1.

" ,Phmst II 'MCC Large, ThrOat MCC "
10; : rust lWX, Th.;st

291 3 699.0 2_'0.2 657.2
18,928 29,141 18,643 28,g69

.. O.OS8 ...... 0.090 :0.054 0.085

Table I - Operating ReqUirementsof the Prel_mer Turbopump

P.4

This results inthe followingredeelgnmquirements:

I_Power Level i63%. 109%

Pllasell MC¢ I LTMCC I a, i
o.0-- t o.os4 I 0.004 Io.o9o. I 0,.q..85 I o.oos

Table2 - ImpellerDbchm-geFlowParameter,

In order to achieve the design objectives, the
lmpeuerflowparameterat whichstalloccurs(¢¢,r)
must be docreued by 0.004 for the e3% power
level. A value of 0.005 will UalKI for the
redealgn to provide margln. Based on engine
test date sad pdor air test experience, an
a(:ldltlonal 0°005 decrease In _r Is requiredto
account for manufacturingvariations. Thus,the
redesign requirementIs:

_#c_ = _,_¢c + '_m - 0.005+ 0.005- O.OlO

Baseline Imneller Diffuser p.lcln

Two diffuser designs were completed and
tested for use with the baseline 5.0" diameter
Impeller. The diffuser Inlet geometry was
cleslgned using the performar_e analysis
program. For the first diffuser redesign, the
leasing edge blade angle was decreased by 1"

and the inlet blade heighl was decmued until

was deoreassd by 0,010, This msultsclIn a
o.21r inlet blade heightoompared Io 0,250" for
the baseline dlffueerdesign. Th_ the potantlsl
flow and boundary layer codes were used to
determine the blade thickness profile. Ttle
btsde profilefor the first redesign is thicker than
the current diffuserdesign and the wrap angle la
slightlylarger (Figure 0). The pmslurei(Figure 7)
and shape factor distributions(Figure 8) for a_cr
of 0.010 give an attaohed boundary layer on
boththe pressure and auctionsurfaces,

For tile second diffuser design, the inlet blade
height was held at 0,250" and the Inlet blade
¢ngl¢ was decreased until_¢r was decreed by
0,010. Agakl, the leading edge blade thickness
and blade thid<ne, distribution were Increased
over the current diffuser design (Figure 9).
8Jailer to mdes_n #1, the potentla! flow and
boundary layer analysis codes were used to
obtainthis tXsdeprofile,
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Parameter

Ll_ing Edge Redlul from_nts_ne
Inlet Bled• Angle (fromtangent_l)
Inlet Blade Height
inlet BladeThlckneee
Wrap Angle
ThroatArea
Tralll_ Edge Radiusfrom centerflns
OlachargeBlade Angle (fromtang.)
Discharge Blade Height
Diet,barge Blade ThU(na,
Blade Number ......

Current
Design
2.712'
9.92 o

0.250"
0.050"
62.3 •

o.o e m=
3,41"
I 0.8e

0.345"
0,I00"

11

Ftrlt
Redesign

2.710"
8.92 °

0.218"
0.058"
65.7*

0.0550 In2
3.41"
I 0.8'

0,345"
0.128"

11

second i
Redesign '

2.710"
8.15'

0.250"
0.061" :
54.0*

o.osasirP
3.41"
10.8"

0.345"
0,108"

11

Table $ - ProburnerTurboprop DiffuserDesignParametsm

increasingthe opefliIIng range of the PBP
required redesigningthe a_user with zero
Incidence at a lower 0 (engine thn_stlevel) than
the baseline diffuserdeslgn (Figure 10). This
causes In increase InInddenoe atthe higher
thru_ levels;an increase indiffuserpree_re
loss;and a lower pump dischargepressure. Thb
was oo_n_ed withthe pea'Drew'me_is
code. Thus,the penaltyof wide flowoperationis
larger diffuserpressure lessee at the higherflow
rntee,

Curmmly, them Is an engine system
requirementof 7515 I_III PBP dLschsrge
_..ssum at the Phase II MGC 109% power level..
This requirementis o_aslonelly violatedwiththe
currentdesign and requires analysis of the
pressuredrop in the prebumervalves beforethe
turbopurrLoIs eQcepted, Since a single-
component (dff[user only) designchange
minimizesthe Costto Implementthe design
change, the redesigneddiffuserswgm tested to
quantifythe Impactof the redesignon the
engine system.

AIr_Tp.!t AaBro_h

Air testingwas selected Is • method of validating
the redesigneddiffusersperformancewith
respectto the stall point end pressureriseat
Phase IIMCC 10_% power level The cumlnl
diffuserand the redesigneddi_lJlOm We+
fabricatedusing rapidprototy_ng inorderto
reduce fa_icstlcn Umeand lowertestingoo81.4
Those diffuserwore tested usinga metal volute
and [repeller. The air test resultsoor/b'mod
diffuserredesigns#I and #2 shifted e_'. They

alsoshowedthatthe ixessure at the Phase li
MCC 109% powerlevel decreased (Figure 11),

Modified ImoI.E,r Diffuser O;aslgn

Basedon the testdata, the redesigned diffusers
requiredchangingthe engine system.
requ_ments. Therefore,alternative desi0ns
were evaluated. Obtainingthe same PBP
diverge pressureu the baseline dojign
requlredIncraaslngthe Impellertlp diameter and
designlng• third diffuser (a two-component
change),

The gap betweenthe Impellerdl_harge and the
diffuserInlet _s as a_lxlng zone for the
impellerbladewakes. =This mixing can
s.i_Ffflcantlysuppress pmssum-perturbatlon
efleot.!caused..b_passageof the iim._.,ller past
me stationary omuservanes. T_ Drowser
leading edge radial Io_ltlon was determined to
malrteln the dynamk:pressureenvironmentand
sol-,lovethe pressuredee of the cuffe_
Impelbr/diffuser. The performance code
determined thai a 0.125" Increase in diffuser
Insidediameter and a 0.145" Increase In impeller
dJallletorwouldachieve the currant
Iml:)ellerldlffuNrdischargepresets at the
PhaSeII MCC 109% powerlevel (Figui_ 12).

By usingrapid prototyplng,I pol),carl_)nate ring
wu ma   t.red andepoxledto thebMellne
Impeller providingan innovllltve, lowcost
methodof Increasing the Impeller diameter.
Again,the resultingdesignhas e.blunt leading
de_igeend an Increased blade thlcknese

stributioncomparedto the baseline diffuser

[
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(Figure 13). Since the diffuNr leadingedge was
fi_ially Incmued, the axial lengthfromthe Inlet
to the disahargewas reducedto aohlevethe

r_luired pressureand boundarylayer profile.
Table 4 comparesthe baseline designto the
final diffuserredesign r.,onfiguration.

Parameter

Leading EcJgsRadiusfromeenlerline
IrdetBladeAngle (fromtangerdlal)
Inlet Blade Helg_ '
inlet Blade "rl'dckneaa
Wrap Angle
Throat Area
Trailing Edge Radiusfromcenterl]ne
DischargeBladeAngle (fromtang.)
Discharge Blade Height
Dl_hatge Blade Thlr..knees
Blade Number .......

Baseline
, Oesl'gn

2.712"
g.9_

0.250"
0.050"
_;2.3"

0.seas in=
3.41"
10.8'

0,34B"
o,100"

11

Final
Redesign

2.77,4"
8,35 °

0.250"
0.080"
54.1"

o0sog in=
3.41"
10.8"

0.335"
0.100"

11

Table 4 - Pmburner TurbopumpDiffuserRedesigns

The fine!diffuser redesignwiththe 6.146"
diameter Impeller meet all deslgcobjectives
(Figure 14). The Impellerdischargeflow
parameterat whichstall ocoumWN decreased by
0.000-0,013 versus the targeted value o/0,010
endthe pressuredee at the Phasell MCC 109%
power level matched the b*sellno
impeller/diffullOrdesign. This alsodemonstrated
the ¢:entrllUgalpump performance;program's
oapablllty to oeterrnlneturbopumpperformance.

A Iota/of three diffuserwere designed,
catalyzed,manufactured usingrapid prototy1:tnO
and testing In zdr. The designrequirementsof
being able to operate the PBP at the 63% power
levelforthe LTMCC and me,rain the current
impeller/diffuserdesignpressure daisat the
PtmaoII MCG 109% powerlevelWasmeet. The
dynamic pressure:environmentfor the resufllng
redesign is not in0reued f_m the baseline
Impeller/diffuserdesign.

[2]

[3]

, [4]
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Current Design vs. Redesign #1
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Current Design vs. Redesign #2
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Baseline vs. Redesign #3

4,0 --

H

I

t:O

MAY 26 '94 16:81

Gao_ _-r._y

818 58G 28GS

P. 19

I

4.0

PAGE. 019



"1

!

0
0

i,

i

L

I
i
r,

i


